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A B S T R A C T
A facile one-pot synthesis method has been developed successfully for the preparation of
crystalline silver selenide (Ag2Se) nanoparticles at low temperatures (5–7 °C) within few
minutes. The method is based on the formation of phase separation and interface-
reaction mechanism. During the synthesis, a microemulsion system (water/oleic acid/n-
hexane) was used to make Ag2Se nanoparticles. Selenium source (Sodium selenosulfate) used
in this synthesis method was prepared by microwave heating due to the fact that the de-
veloped method of synthesis could eliminate toxic and expensive selenium sources. The
prepared products (oleic acid coated Ag2Se nanoparticles) were characterized by X-ray dif-
fraction (XRD), energy-dispersive X-ray analysis (EDX), transmission electron microscopy (TEM),
ultraviolet (UV)–visible analysis and photoluminescence (PL) analysis. The developed method
became mild, fast, simple and environmentally benign, which would be helpful in scaling
up production. Furthermore, the developed synthesis strategy could be used in making other
nanoparticles for mass production through simple precipitation reactions.
© 2016 Mansoura University. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
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1. Introduction
In past decades, silver selenide (Ag2Se) has received great at-
tention due to its special electronic and optical properties as
well as potential applications [1–3]. Ag2Se undergoes a poly-
morphic phase transition and has two stable solid phases.These
are a low temperature orthorhombic phase (β-Ag2Se) at 0 K, and
a high temperature cubic phase (α-Ag2Se) with a phase tran-
sition temperature from β to α-Ag2Se taking place at about
135 °C or 409 K [2,4,5]. The low-temperature phase behaves as
a semiconductor, while the high-temperature shows the
properties of a metal. A low temperature phase (β-Ag2Se) is a
narrow band gap and n-type semiconductor with an energy
gap of 0.07 eV at 0 K [5]. β-Ag2Se is used as a photo sensitizer
in photographic films or in thermo chromic materials and
thermo electronic application due to its relatively high see back
coefficient, low lattice thermal conductivity, and a high elec-
trical conductivity [3,4,6–9].The high-temperature phase (body-
centered cubic), α-Ag2Se, is a metallic compound with super
ionic conductors that has been utilized as a solid electrolyte
in photochargable secondary batteries and also used as an ad-
ditive in highly conductive composite glasses for batteries,
sensors, and displays [3,4,6–9].
* Tel.: +251936749196.
E-mail addresses: delelewww@yahoo.com, delelew@bdu.edu.et.
http://dx.doi.org/10.1016/j.ejbas.2016.01.002
2314-808X/© 2016 Mansoura University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
e g y p t i an j o u rna l o f b a s i c and a p p l i e d s c i e n c e s 3 ( 2 0 1 6 ) 1 4 9 – 1 5 4
Available online at www.sciencedirect.com
journal homepage: ht tp : / /ees .e lsevier.com/ejbas/defaul t .asp
HOSTED BY
ScienceDirect
Recently, research reports indicated that a slight tuning of
the stoichiometry to Ag2Se could induce a remarkable magneto
resistance, which is comparable to the giant magneto resis-
tance perovskites [10–12]. Since nanoscale materials have some
unique properties (that depend on the size and morphology
of the particles) for a unique application [13,14], it would be a
great challenge to fabricate Ag2Se nanostructures having
uniform size and morphology. A number of methods for the
synthesis of Ag2Se nanostructures have been explored
[3,4,8,15,16]. All these routes to Ag2Se nanostructures, however,
did not satisfy the criteria that the method be simple and fast,
i.e., Ag2Se forms at low temperature in one step, and the pre-
pared samples had nearly uniform morphology. Most of these
Ag2Se synthesis routes have also used expensive and toxic se-
lenium sources.
In this report, we employed a single step (the one pot) syn-
thesis strategy to prepare uniform-sized Ag2Se nanoparticles
at low temperature by reacting Ag+ with SeSO32− under mild
condition. In such synthesis approach, Na2SeSO3 was used as
a selenium source since it could easily react with Ag+ ions at
room temperature without requiring the use of any other forms
of energy [17]. Na2SeSO3 is much more active than Se powder,
and is also less toxic, inexpensive and therefore safer to use
than the Na2Se or H2Se [18]. Na2SeSO3 was prepared via
microwave-enhanced method. A microwave-enhanced method,
as opposed to conventional heating, has been proven to be an
excellent technique for preparation of nanoparticles [18]. A few
of the advantages of microwave-enhanced reactions include:
simple to control the properties of the products, high yields
of products, easy to control the temperature and pressure
profile, the products have high purity levels, short reaction time,
and environmental friendliness (e.g., improved safety, repro-
ducibility, and selective heating, energy savings, etc.) [18]. A low-
temperature microemulsion [19,20] environment was introduced
to protect the prepared Ag2Se nanoparticles from aggregation
and to direct them into a relatively uniform size. The low tem-
perature reaction conditions also helped the formation of nearly
monodisperse Ag2Se nanoparticles by slowing the growth speed
and decreasing the surface atom activity.
The structure, morphology, elemental composition, and
optical properties of the prepared Ag2Se nanoparticles were
characterized by XRD, TEM, EDX, and UV–vis and Fluores-
cence spectrophotometer respectively.The developed synthesis
method used very simple reagents such as oleic acid, AgNO3
and Na2SeSO3 as precursors; was fast, easy/simple, mild, en-
vironmentally benign and of low temperature, which would be
useful for large scale production and could be applied for the
synthesis of other similar nanostructure materials.
2. Experimental section
2.1. Chemicals
Selenium powder (Se, 99.70%, <325 mesh), sodium sulfite
(Na2SO3, >95%), and n-hexane (>99%) were bought from Acros;
ethanol (>99%) and oleic acid (65–88%) were brought from
Aldrich; Sliver nitrate (AgNO3, >99%) and sodium hydroxide
(NaOH, >95%) were bought from Shimakyus Pure Chemicals.
The chemicals were used without further purification. The
microwave system was employed for the synthesis of sodium
selenosulfate (Na2SeSO3).
2.2. Synthesis of sodium selenosulfate (Na2SeSO3)
It was prepared in the laboratory using microwave-enhanced
methods. The advantages of microwave heating over the con-
ventional heating are explained above. Microwave (MW)
synthesis was done by using a single-mode CEM Discover
System operating at 300 W and 2.45 GHz. The reaction mixture
was rapidly cooled with high-pressure air following termina-
tion of the reaction. Na2SeSO3 was prepared from sodium sulfite
and selenium powder by microwave heating in aqueous so-
lution for 30 min at 100 °C. For a typical preparation, selenium
powder (0.4 g) and Na2SO3 (0.76 g) were dissolved in distilled
water (50 mL); then, they were transferred to the microwave
system. The following chemical reaction describes the forma-
tion of Na2SeSO3 under microwave system for 30 min reaction
time at 100 °C.
Na SO Se Na SeSOMW C and2 3
100 30
2 3+ ⎯ →⎯⎯⎯⎯⎯⎯⎯
°( )min
Sodium selenosulfate (Na2SeSO3) was considered to be a
greener selenium precursor than organic-based Se sources such
as trioctylphosphine/Se or trioctylphosphine oxide/Se or others
[18].
2.3. Synthesis of Ag2Se nanoparticles
The synthesis of Ag2Se nanoparticles was done in three steps.
First step, NaOH (0.12 g) and oleic acid (2 mL) were dissolved
in the mixture of deionized water (15 mL), C2H5OH (15 mL), and
n-hexane (1.5 mL) to form a transparent microemulsion. Second,
AgNO3 (0.23 g) dissolved in deionized water (5 mL) was added
to the solution (transparent microemulsion) under vigorous stir-
ring, forming a white Ag+ containing emulsion quickly. Third
and the last step, after the emulsion had been maintained in
the temperature range of 5–7 °C in the water bath, Na2SeSO3
solution (5 mL) was injected into it. The prepared solution
changed its color from transparent to black in a few seconds,
and stirring continued for up to 10 min.
After the reaction, n-hexane (20 mL) was added to destroy
the microemulsion and extract the oleic acid-coated Ag2Se
nanoparticles into the oil phase, which was centrifuged to give
Ag2Se nanoparticles by adding C2H5OH.Then, the samples were
washed more than three times by dissolving n-hexane coupled
with precipitation from ethanol to remove oleic acid residues
on the particle surface. Finally, the as prepared Ag2Se
nanoparticles were dispersed in n-hexane for storage. The fol-
lowing chemical reaction describes the formation of Ag2Se
nanoparticles with simple precipitation reactions.
Na SeSO AgNO H O Ag Se s NaNO H SO2 3 3 2 2 3 2 42 2+ + → ( ) + +
2.4. Characterization
Photoabsorption and photoluminescence measurements were
performed by using a Jasco 560 UV/Vis Spectrophotometer and
a Hitachi F-7000 Fluorescence spectrophotometer, respectively.
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X-ray diffraction (XRD) measurements (Rigaku Model Dmax-B,
Japan) were recorded using a Cu Kα radiation source that was
operated at 40 kV and 100 mA.The X-ray diffractogram was ob-
tained at a scan rate of 0.05 deg s−1 for 2θ values. The TEM
images were obtained by using a Philips Tecnai 20 G2-field emis-
sion gun with a maximum acceleration voltage of 200 keV. The
chemical composition of the Ag2Se nanoparticles was mea-
sured by energy-dispersive X-ray spectroscopy (EDX). FTIR
spectra were recorded by using a Digilab FT3500 spectrom-
eter (64 scans with a resolution of 4 cm−1).
3. Results and discussion
Fig. 1 shows the XRD patterns of Ag2Se nanoparticles ob-
tained at the reaction times of 10 min and particle-growth
temperatures of 7 °C. As seen in Fig. 1, the as-prepared Ag2Se
nanoparticles show characteristic peaks of orthorhombic phase
of β-Ag2Se. All the characteristic peaks, seen in Fig. 1, corre-
spond to the orthorhombic phase of β-Ag2Se, which is in good
agreement with the literature data for β-Ag2Se (the standard
JCPDS card File, 24–1041). As reported in literature [16,21–26],
it seems also logical to produce the orthorhombic phase at low
temperature since it is a low-temperature stable phase. A slight
peak broadening, shown in the XRD patterns, may reflect the
smaller particle size (around 8 nm) of the products.
Fig. 2a and b shows the TEM images of the as-prepared prod-
ucts at different magnifications. The products are nearly
monodisperse without any aggregation with the particle size
ranges from 6 to 10 nm. The average particle size is calcu-
lated to be 8 nm. The high-resolution transmission electron
microscopy (HRTEM) images in the inset of Fig. 2b show the
lattice spacing of ~0.24 nm, corresponding to the characteris-
tic of the (013) crystal planes of β-Ag2Se nanoparticles [27,28].
Fig. 3 shows the Energy Dispersive X-ray (EDX) spectrum
taken from the selected area of SEM images (seen in the inset
figure in Fig. 3). The result of the EDX shows that the atomic
ratio of the Ag and Se in this tubular product is 66.33:33.67,
close to the stoichiometric composition of the Ag2Se. Thus, the
atomic composition of Ag and Se, in the as-prepared prod-
ucts, is merely similar to the stoichiometric composition of
Ag2Se.
Fig. 4 shows the FTIR spectra of the as-prepared Ag2Se
nanoparticles and the pure oleic acid (OA). FTIR spectroscopy
can offer insight about the interaction between the oleic acid
and the Ag2Se nanoparticles.The broad peak between 3500 and
2500 cm−1 was observed in the pure oleic acid spectra, which
is clearly due to the O—H stretch of the carboxylic acid [29–33].
Such a broad and intense band at high wave number is a typical
characteristic of O—H functional group of the carboxylic acid.
However, the as-prepared Ag2Se nanoparticles have no such
bands in this region indicating that the oxygen atoms in O—H
groups were chemisorbed on the surface of Ag2Se nanoparticles.
A pure oleic acid spectra show two sharp bands at 2925 and
2857 cm−1, which were superimposed on the O—H stretch, and
were attributed to the asymmetric CH2 stretch and the sym-
metric CH2 stretch of the free OA, respectively [29–31,34]. When
oleic acids were chemisorbed on the surface of Ag2Se
nanoparticles, the asymmetric CH2 stretch and the symmetricFig. 1 – XRD patterns of Ag2Se nanoparticles.
Fig. 2 – TEM images (a & b at different magnification) of Ag2Se nanoparticles. The inset figure in (b) shows the HRTEM
images with the lattice fringe spacing of ~0.24 nm.
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CH2 stretch shifted to 2919 and 2851 cm−1, respectively, as shown
in the FTIR spectra of Ag2Se nanoparticles (Fig. 4).
In the pure oleic acid spectra, the intense peak at 1710 cm−1
was due to the presence of the C=O stretch, and the band at
1285 cm−1 that indicated the presence of the C—O stretch
[29–31]. In addition, the O—H in-plane and out-of-plane bands
of the pure oleic acid appeared at 1463 and 934 cm−1, respec-
tively [29–31]. These bands disappeared in Ag2Se nanoparticles
shown in Fig. 4, instead, two new bands at 1550 and 1440 cm−1
appeared, which are characteristic of the asymmetric vas(COO−)
and the symmetric vs(COO−) stretching [29–31], respectively.The
results from FTIR spectra in Fig. 4 reveal that oleic acid was
chemisorbed, as a carboxylate ion, onto the surface of the as-
prepared Ag2Se nanoparticles (oleic acid capped Ag2Se
nanoparticles or OA-capped Ag2Se), and that the two oxygen
atoms in the carboxylate were coordinated symmetrically to
both the Ag and the Se atoms.
Based on the aforementioned experimental results, it seems
possible to explain the role of oleic acid in such synthesis strat-
egy of Ag2Se nanoparticles. First, oleic acid and silver nitrate
essentially lead to the formation of a silver oleate intermedi-
ated by replacing the nitrate group in the starting materials.
Second, Se−2 is generated by the reaction of SeSO3−2 with OH−.
Third, the intermediate silver oleate reacts with Se−2 to form
Ag2Se nanoparticles surrounded by oleate groups. This method
protects the nucleation of the tiny particles, as shown in the
following schematic diagram below (Scheme 1).
In general, capping ligands could prevent the aggregation
of small crystals and influence the morphology of the as-
prepared nanoparticles. The dynamics of the surface ligands
attached and detached could be varied by controlling the tem-
perature and the nature of the ligand. Thus, the reaction
temperature could be used to control the growth of
nanocrystals.
To further confirm the formation of Ag2Se nanoparticles and
understand its optical properties, UV–visible absorption and
photoluminescence (PL) measurement of the as-prepared Ag2Se
nanoparticles in n-hexane were performed. Fig. 5 shows the
UV–visible absorption: (a) photoluminescence; (b) spectra of oleic
acid capped Ag2Se nanoparticles.
As seen from Fig. 5a, the absorption edge was determined
at around ʎ = 635 nm, which is close to the literature value
(ʎ = 629 nm) [21] reported for Ag2Se nanocrystals [21,35]. Ac-
cording to the relationship of the band gap energy (Eg) with the
absorption edge, the Eg of the as-prepared Ag2Se nanoparticles
was calculated as 1.95 eV, and this value agrees well with the
value reported [21,35].
Fig. 5b shows the photoluminescence (PL) spectra of oleic
acid capped Ag2Se nanoparticles in n-hexane, with the
Fig. 3 – Energy Dispersive X-ray (EDX) spectrum of Ag2Se nanoparticles. The inset figure gives the selected area for EDX
measurement and the chemical composition of Ag2Se nanoparticles.
Fig. 4 – FTIR spectra of pure oleic acid (OA) and Ag2Se
nanoparticles.
Scheme 1 – The role of oleic acid in the formation of Ag2Se
nanoparticles at low temperature.
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maximum PL intensity observed at around λmax = 510 nm that
may result from the direct interband radiative recombination
[1].
4. Conclusions
In this work, a low-temperature, facile and fast synthesis strat-
egy for nearly monodisperse orthorhombic phase Ag2Se
nanoparticles was developed. The optical properties, struc-
ture, morphology and other properties of the as-prepared
samples were characterized by different instruments such as
TEM, FTIR, UV–visible, PL, EDX and XRD. The characterization
results of this instrument supported the formation of oleic acid
capped orthorhombic phase β-Ag2Se nanoparticles.
In general, to prepare uniform nanoparticles, the devel-
oped synthesis strategy has a number of advantages. Firstly,
the synthesis of nanoparticles is completed at lower tempera-
ture in one-pot makes the system easy to control and
manipulate. Secondly, it is a fast method of synthesis to
prepare nanoparticles, and this makes the system economi-
cal. Thirdly, it is an ideal and general synthesis strategy in
making other uniform nanoparticles for mass production
through simple precipitation reactions. Last, but not least,
this low temperature synthesis protocol is suitable for appli-
cation in many other materials such as sulfides, fluorides,
phosphates and so on, provided that high crystallinity is not
required.
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